INTRODUCTION
The insulation of high voltage conductors often employs solid insulators for many applications. In such applications, an unexpected electric flashover may occur along the insulator surface. Under conditions of high vacuum, the flashover voltage across the insulator is observed to be lower compared with that of the same electrode separation without an insulator. The reason for such an extreme reduction of flashover voltage is not weIl understood. Although several models, based on the secondary electron emission, have been proposed to explain the onset of the surface flashover [1] [2] [3] , precise experimental and theoretical investigations of flashover phenomenon have not been carried out.
In this paper, we report on an investigation to determine the starting point and the developing velo city of the surface flashover. The study was carried out using an intensified image converter camera to observe the initial stage of electric flashover along the insulator surface parallel to the electric field. We also used several different insulator materials as test pieces to determine the effect of the dielectric constant on the flashover voltage characteristics. This work was supported by NASA Grant NAGl-332.
EXPERIMENTAL ARRANGEMENT
The test piece and the electrode system is shown in Fig. high vo1tage ground Fig. 1 . Test piece and e1ectrode system.
1. The test gap was placed in a bell jar, made of stainless steel, 17 inches in diameter and 28 inches in height. The bell jar was evacuated by an oil diffusion and mechanical pumping system. The lowest pressure of 8 x 10-.3 Pa was obtained with the vacuum system. A negative high voltage pulse from a 6-stage Mini-Marx generator was applied to the test gap through a Teflon high voltage bushing mounted on a window of the bell jar to initiate a flashover. The flashover phenomena were observed by using an IMACON 600 image converter coupled with an EMI type C-14l image intensifier. The streak or framing photograph was recorded on Polaroid film. The entire camera system was placed inside of an aluminum shielding cabinet to reduce the noise pickup of the system. An oscilloscope, Tektronix type 7844, was used to observe the wave form of the high voltage pulse. The image converter was triggered by a signal from the MiniMarx generator using a coaxial cable as a delay line for synchronization between the flashover and the image converter. Test pieces, made of Plexiglass, TiOz andBaTi03, were used. These materials were chosen for the large differences in their dielectric constants. The shape of the test piece was a right cylinder, 3 cm in diameter and 1 cm in length. Each test piece was cleaned in an ultrasonic cleaner with ethanol, and then rinsed with deionized water. test piece and electrode surfaces are very important. However, we did not control the contact precisely. For example, 2 of the 3 Plexiglass test pieces produces no flashover for applied voltages upto the maximum applied voltage of 102 kV. Similar characteristics were also observed for the Ti02 test pieces. The flashover voltage decreases when the dielectric constant is large. However, the relation between these parameters is not inversely proportional . In the case of BaTi03, a partial discharge was frequently observed. It is thought that the extremely large dielectric constant produces a large electric field enhancement at the triple junction and a large field reduction at mid-gap simultaneously, causing such a partial discharge . Furthermore, for BaTi03, a large hysteresis phenomenon was observed during the measurement of flashover voltage. As a result, widely scattered flashover voltages were observed for BaTi03 test pieces.
EXPERIMENTAL RESULTS

Flashover voltage characteristics
Streak photograph
At a point where the test piece touches the electrode, a conductor-dielectric-vacuum junction, called a "triple junction" , is formed. At the point between the electrode and the test piece, the electric field becomes so high that electrons can be emitted from the cathode to the vacuum space by field emission. In a surface flashover in high vacuum, the microscopic structure of the triple junction can affect the flashover characteristics. For example, in the case of Plexiglass test piece shown in Fig. 3 , the bright spots appear at the end of both the anode and the cathode where a small clearance exists. photograph taken under the same conditions as Fig. 3 . From this photograph, it can be seen that the brightness along the flashover channel changes periodically. The periodic length in the figure is approximately 0.5mm. Fig. 4(b) shows an example of a streak photograph taken at a higher speed (2.8 mm/ns) and a high er sensitivity than Fig. 4(a) . In this photograph, it can be seen that two dark spaces appear at the initial stage of flashover at points 3 mm and 5 mm from the cathode. Those dark spaces really are not dark but are less bright than the adjacent part, and they become bright a few nanoseconds later. The position of these dark spots varies from shot to shot. . From this photograph, it can be observed that two bright portions, which probably correspond to two cathode spots shown in Fig. 3 , appear at the cathode and move toward mid-gap at a speed of approximately 3 x 10 6 m/s. These bright portions travel only 2 mm in the gap space. The speed and distance traveled of these bright portions are almost independent from the applied voltage. Except for these bright portions, the entire flashover channel is formed within 0.2ns. This time is almost the same as that in which a free electron travels from the cathode to the anode under the force of the applied electric field. We took many streak photographs at various
pressures (5 x 10 -5 x 10 Pa), but no large difference could be observed in these data.
DISCUSSION
Various models have been proposed by many researchers to explain the mechanism of surface flashover in vacuum [3] [4] [5] . All the models have considered the existence of electron emission from the tripie junction. In our experiment, the flashover usually occured at a fixed position. And after several thousand shots the cylindrical surface of the Plexiglass test piece became smooth compared with the original surface. It can be assumed that electrons came out from the tripie junction and hit the entire surface.
The cathode and anode spots shown in Fig. 3 were formed because of a rather large clearance at the contact between the test piece and the electrode. This clearance was made by the flashover itself, i.e., the heat produced by the flashover melted and evaporated a small amount of the test piece material. To eliminate the formation of such cathode and anode spots, we replaced the test piece with a new one, the surface of which had a thin and straight scratch to make the flashover path straight and parallel to the electric field. Fig. 5 shows a still photograph and a streak photograph taken with this new test piece. These photographs show that no cathode and anode spots were formed when the contact between the test piece and the electrode is good. In this case, the flashover initiates at a point of 2.5 mm from the cathode and spreads toward both the cathode and the anode with a speed of approximately 10 7 m/s as shown in Fig. 5(c) . Furtherrnore, a fine periodic structure can be observed in the picture. If we assume that this periodic length corresponds to the step length of electron-hopping on the insulator surface, we obtain the value of 2 x 10 7 m/s for the average electron velocity under the condition of our experiment. This value is in good agreement with the expansion velocity of the bright portion in Fig . 5 .
The fine periodical structure along the flashover channel observed in our streak photographs is a direct result of the periodical irregularity formed on the test piece surface. In fact, we can observe such an irregularity along the flashover path on the test piece surface after the experiment . The periodical length for Plexiglass test piece is approximately 0.5 mm, which is the same as those obtained in Figs . 4(a) and 5(b) . From these data, we can conclude that these periodical irregularity were formed by periodical electron bombardment on the insulator surface as proposed by Boersch et al. [6] .
SUMMARY
In this research, we observed the characteristics of the onset of surface flashover in a vacuurn for three kinds of test pieces. We also observed the development of surface flashover with good time and space resolution by using an image converter camera. The results obtained may be surnmarized as follows : (1) The flashover voltage varies by the condition of contact between the test piece and the electrode . In many cases, the flashover voltage sharply decreases after the first flashover . The cathode spot appears when a large clearance exists between the test piece and the cathode. On the streak photographs, the bright part initiates at the cathode and moves toward mid-gap at a speed of 10 7 m/s, which is almost independent of pressure and applied voltage.
(5) If the clearance between the test piece and the electrode is small, the cathode spot does not appear. In such a case, the flashover initiates at a point about 3 mm from the cathode, and expands toward both the cathode and the anode with a speed of approximately 1. 2 x 10 7 m/s. (6) The calculated velocity of electron hopping on the surface is in good agreement with the expansion velocity of the bright portion.
